4 clinical laboratory, The second People's hospital of huai'an, huai'an, People's republic of china Abstract: Forkhead box F1 (FOXF1), a member of the forkhead transcription factor superfamily, plays critical roles in the progression of certain types of cancers. However, the expression and function of FOXF1 in human hepatocellular carcinoma (HCC) are still unclear. Quantitative real-time reverse transcription polymerase chain reaction, Western blotting, and immunohistochemistry detected the relatively lower expression status of FOXF1 in HCC cases. Soft agar and transwell assays clearly demonstrated that FOXF1-knockdown cells showed significantly increased in vitro cell tumorigenesis and invasion, and FOXF1-overexpressing cells had significantly reduced growth and invasion potential. Our study also examined the role of FOXF1 in HCC cell stemness by sphere formation, aldehyde dehydrogenase (ALDH1) activity, and CD44/133-positive cell analysis. Enforced FOXF1 expression decreased HCC cell stemness, and the downregulation of FOXF1 promoted cancer cell stemness. The in vivo study showed that overexpressed FOXF1 inhibits nude mouse tumorigenicity with downregulation of CD44 and proliferating cell nuclear antigen. More importantly, loss of FOXF1 expression was linked to poor overall survival time by Kaplan-Meier analysis.
Introduction
Liver cancer is the fifth most common cancer worldwide and the second most frequent cause of cancer death in men. An estimated 748,300 new cases of liver cancer and 695,900 cancer-associated deaths occurred worldwide in 2008.
1 Hepatocellular carcinoma (HCC) is a major concern in liver cancer, as the mechanisms underlying its development remain unclear and the therapeutic outcome is poor. [2] [3] [4] Surgical resection is the most common and effective treatment for early-stage patients, but the recurrent rate is as high as 50% within 2 years. 5 Intra-and extrahepatic metastases occur in more than half of HCC patients after resection. 6 Therefore, investigation of the molecular pathogenesis of HCC and identification of new potential targets for preventing the progression of HCC are imperative.
Forkhead box (FOX) proteins comprise a family of evolutionarily DNA-binding transcriptional regulators that play important roles in both biological processes and cancer development. [7] [8] [9] Expression levels of the FOX transcription factors determine the development and progression of diseases. 7, 9 The FOXF1 protein is a member of this superfamily and regulates cellular proliferation, differentiation, and metabolic homeostasis. 10 In addition to its indispensable functions in organ morphogenesis, submit your manuscript | www.dovepress.com
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Zhao et al cancer-associated fibroblasts to stimulate cancer cell migration and tumor growth. 14 Furthermore, significantly higher expression levels of FOXF1 were found in non-small-cell lung cancer cases with lymph node metastasis. 15 Overexpression of FOXF1 in a mouse mammary epithelial cell line was associated with epithelial-mesothelial transition phenotype and invasive potential. 16 In addition to these oncogenic roles of FOXF1, reduced expression of FOXF1 in breast cancer was shown to be due to epigenetic silencing, and FOXF1 reexpression inhibited growth and tumorigenicity of breast cancer cell lines mainly by the blocking of G1-S cell cycle progression. 17 A study in colorectal adenocarcinomas showed that the poor prognosis of colorectal cancer is associated with cytoplasmic mislocalization of overexpressed FOXF1. 18 Cancer stem cells are a subset of cancer cells with the ability for self-renewal and differentiation. The regulation of the stem cell-like properties by several important signaling pathways has been found to endow the HCC cells with an increased level of tumorigenicity and metastatic ability. 19 In endometrial cancer, FOXO1, another forkhead transcription factor superfamily protein, has been proven to inhibit CD44 expression through Wnt/β-catenin. 20 Whether FOXF1 contributes to HCC cancer stemness is still unknown.
Because little is known about the role of FOXF1 in HCC, we assessed the role of FOXF1 on the regulation of HCC cell tumorigenesis, invasion, and stemness. Moreover, the characterization of the underlying molecular events, which may in turn provide a molecular basis for applying FOXF1 as a novel target for the clinical treatment of HCC, was also attempted.
Materials and methods
Patients and tissue specimens
One hundred and forty-three pairs of human tissue specimens containing HCC tissues and noncancerous adjacent tissues of HCC patients undergoing curative resection were obtained from the Affiliated Jiangyin Hospital of Southeast University Medical College with written informed consent and ethical approval was obtained from the Ethics Committee of the same hospital (No.:20130032X2). No patient underwent radiotherapy or chemotherapy prior to surgery, and clinical data were collected from all patients.
immunohistochemistry and evaluation
Immunohistochemistry was performed using formalin-fixed, paraffin-embedded tissue sections. The sections were deparaffinized using a graded ethanol series and then incubated in 3% hydrogen peroxide for 10 minutes to block endogenous peroxidase. Primary antibody for human FOXF1 (1:150 dilution; Chemicon, Billerica, MA, USA) was applied overnight at 4°C. The procedure followed was the streptavidinperoxidase method (ZS-BIO, Beijing, People's Republic of China), and the sections were developed with diaminobenzidine chromogen (Boster, Wuhan, People's Republic of China). Finally, immunoreactivity was scored as the nuclear staining intensity (on a scale of 0-3: negative =0, weak =1, moderate =2, strong =3) × the percentage of cells stained (positively recorded on an ordered categorical scale: score of 0=0%, 1=1%-25%, 2=26%-50%, and 3=51%-100%), which resulted in a scale of 0-9. Immunoreactivity was evaluated separately by two senior pathologists. Any discrepancy between the two evaluators was resolved by reevaluation and careful discussion until agreement was reached.
rna extraction and real-time reverse transcription polymerase chain reaction analysis
Total RNA was isolated with ice-cold TRIZOL reagent (Thermo Fisher Scientific, Waltham, MA, USA), then used as the template for reverse transcription for complementary DNA (cDNA) synthesis. Quantitative real-time reverse transcription polymerase chain reaction (Q-RTPCR) was used to detect the expression level of FOXF1. Q-RTPCR was performed on ABI StepOne Sequence Detection System using the SYBR ® Green (TaKaRa Biotechnology Co Ltd, Dalian, People's Republic of China) detection method in accordance with the manufacturer's instructions under the following conditions: 95°C for 10 minutes, and 40 cycles of 95°C for 5 seconds and 55°C for 30 seconds. Expression levels of the analyzed genes were normalized to the expression of β-actin. The sequences of the primer pairs were as follows: FOXF1 forward: 5′-CACTCCCTGGAGCAGCCGTATC-3′ and reverse: 5′-AAGGCTTGATGTCTTGGTAGGTGA-3′; CD44 forward: 5′-CACGTGGAATACACCTGCAA-3′ and reverse: 5′-GACAAGTTTTGGTGGCACG-3′; CD133 forward: 5′-TTTGGATTCATATGCCTTCTGT-3′ and reverse: 5′-CCATTGGCATTCTCTTTGAA-3′; β-actin forward: 5′-ATAGCACAGCCTGGATAGCAACGTAC-3′ and reverse: 5′-CACCTTCTACAATGAGCTGCGTGTG-3′. Comparative cycle threshold (Ct) method was used for quantification of the transcripts.
construction of the FOXF1 expression plasmid and small interfering rna 
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Decreased FOXF1 promotes hepatocellular carcinoma tumorigenesis Corporation, Fitchburg, WI, USA). Positive clones were selected, and then the FOXF1 cDNA sequence was subcloned into the pcDNA3.1 (-) vector (Thermo Fisher Scientific) with the hemagglutinin tag coding sequence.
Human FOXF1 small interfering RNA (siRNA) and one negative control siRNA were synthesized by RiboBio Co, Ltd (Guangzhou, People's Republic of China). The targeted sequences of the human FOXF1 siRNA were 5′-GCTCA ACGAGTGCTTCATCAAGCTACCCA-3′ (siFOXF1-1);
cell culture and transfection To get a stable FOXF1-overexpressing cell line, the FOXF1 expression plasmid pCDNA3.1-FOXF1 was transfected into SNU-182 cells, followed by selection on 800 μg/mL of neomycin for 21 days. FOXF1-specific siRNA was transfected into HepG2 cells. All the transfection experiments used Lipofectamine 2000 (Thermo Fisher Scientific), and the cells were incubated according to the manufacturer's instruction.
Western blotting assay
Cells were lysed in ice-cold radio immunoprecipitation assay lysis buffer containing protease inhibitor cocktails. Equivalent amounts of proteins (20 μg) were then separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidine difluoride membranes (EMD Millipore, Billerica, MA, USA). After blocking, primary antibodies against FOXF1 (1:1,000; Chemicon), matrix metalloproteinase-2 (MMP2) (1:1,000; Cell Signaling Technology, Danvers, MA, USA), proliferating cell nuclear antigen (PCNA) (1:1,000; Abcam), CD44 (1:1,000; Cell Signaling Technology), and β-actin (1:2,000; Santa Cruz Biotechnology Inc., Dallas, TX, USA) were separately incubated with the membranes at 4°C overnight. Then, secondary antibodies were added and the membranes were incubated at room temperature for 2 hours. Protein bands were detected on a G:Box iChem Imager (Syngene, Cambridge, UK) using enhanced chemiluminescence (Pierce; Thermo Fisher Scientific).
soft agar assay
One thousand HCC cells were suspended as a single-cell suspension in 0.35% agarose in RPMI 1640 containing 10% FBS in 0.7% agarose in the same medium in six-well plates. After 21 days' incubation, the colonies were stained with 0.5% crystal violet. Only colonies with .50 cells were counted. Each treatment was repeated in triplicate.
Transwell invasion assay
Cell invasion assay was performed in a 24-well Transwell chamber with a pore size of 8 mm (Costar, New York, NY, USA). Cells transfected with siFOXF1 or pCDNA3.1-FOXF1 were seeded into the insert chambers that were coated with Matrigel (BD Biosciences, San Jose, CA, USA) in serum-free medium. Medium containing 10% FBS was added to the lower chamber as a chemoattractant. After incubation for 24 hours, the invaded cells were fixed with 4% paraformaldehyde, stained with 0.1% crystal violet, and quantified from five microscopic fields.
sphere formation assay
Cells were trypsinized and washed with phosphate-buffered saline (PBS) twice. Next, 1.0×10 3 cells were seeded in the wells of six-well ultralow attachment plates (Corning Incorporated, New York, NY, USA) in Dulbecco's Modified Eagle's Medium/F-12 culture medium supplemented with 10 ng/mL human recombinant basic fibroblast growth factor (PeproTech Inc, Rocky Hill, NJ, USA) and 10 ng/mL epidermal growth factor (PeproTech). After culturing for 14 days, spheres were photographed and counted.
Flow cytometry analysis
The Aldefluor Kit (Stemcell Technologies, Vancouver, BC, Canada) was used to identify cell populations possessing aldehyde dehydrogenase (ALDH1) activity. The assay was carried out according to manufacturer's instructions. Control cells were stained using identical conditions but included a specific ALDH inhibitor, diethylaminobenzaldehyde, to serve as a negative control for each experiment. Such cells are recognized by comparing the fluorescence in a test sample to that in a control sample containing diethylaminobenzaldehyde. 7 cells/mL. Six-week-old male athymic mice were housed in a specific pathogen-free facility. Stable FOXF1-overexpressing SNU-182 cells and control SNU-182 cells were injected subcutaneously into the flank region of nude mice using a 1-3 cm 3 tuberculin syringe. Tumor size was measured every 7 days using a Vernier caliper, and tumor volume was calculated using the following equation: tumor volume (mm
, where L is the length and W is the width. At the end point, the tumors were harvested and weighed.
statistical analyses
Statistical analyses were performed using SPSS16.0 software (SPSS Inc., Chicago, IL, USA). All data were presented as mean ± standard error (SE). For the relationship between FOXF1 expression and clinicopathologic features, P-values were calculated using the χ 2 test. The differences between two groups were analyzed with Student's t-test. P,0.05 was considered statistically significant.
Results
FOXF1 expression in hcc
We used Q-RTPCR to evaluate the mRNA expression of FOXF1 in 30 pairs of HCC and noncancerous adjacent tissues. Reduced FOXF1 expression levels were detected in HCC tissues compared with noncancerous tissues (Figure 1A) , which was consistent with immunohistochemical data. Western blotting confirmed similar results in four pairs of HCC and noncancerous adjacent tissues ( Figure 1B ). FOXF1 staining status is shown in Figure 1C . Among 143 HCC tissue specimens and their matched noncancerous adjacent tissues, the immunohistochemical indexes of FOXF1 were 2.368±0.3297 for HCC tissues compared with 4.061±0.1678 for noncancerous adjacent tissues ( Figure 1D ), indicating that FOXF1 expression was significantly decreased in HCC compared with noncancerous tissues (P,0.0001). 
FOXF1 expression in hcc cell lines and its effects on tumorigenesis and invasion in vitro
We next investigated the levels of FOXF1 expression in different HCC cell lines, including HepG2, SNU-182, Hep3B, SNU-449, and SMMC-7221 cells. Results showed that FOXF1 level was much higher in HepG2 cells than in the other four cell lines and was lowest in SNU-182 cells (Figure 2A) . Therefore, we used HepG2 cells and SNU-182 cells for further experiments.
When FOXF1 was knocked down in HepG2 cells by RNA interference, the growth-related molecule, PCNA, and the metastasis-related molecule, MMP2, showed upregulation. In FOXF1-overexpressing stable SNU-182, cells had decreased PCNA and MMP2 protein levels ( Figure 2B ). Soft agar assay showed that overexpression of FOXF1 significantly inhibited the in vitro tumorigenesis of SNU-182 cells (P=0.0153; Figure 2C ). In contrast, siRNA silencing of FOXF1 in HepG2 cells showed a significant increase in cell growth compared with the control group (siFOXF1-1, P=0.0057; siFOXF1-2, P=0.0150; Figure 2C ). We also evaluated the invasion abilities of FOXF1-knockdown HepG2 cells and FOXF1-overexpressing SNU-182 cells using Matrigel invasion assays. We found that FOXF1-knockdown HepG2 cells showed a significant increase in invasion ability compared with control cells (siFOXF1-1, P=0.0012; siFOXF1-2, P=0.0042; Figure 2D ), while forced FOXF1 expression significantly reduced invasion of SNU-182 cells compared with control cells (P=0.0064; Figure 2D ). Together, these data indicated that FOXF1 affects HCC cell proliferation and invasion.
FOXF1 regulates hcc stemness
HCC cell stemness was previously found to affect cancer cell proliferation, invasion, and tumorigenesis. 19 To identify whether FOXF1 expression correlates with HCC cell stemness, the mRNA levels of FOXF1, CD44, and CD133 were detected by Q-RTPCR, and the comparisons FOXF1 vs CD44 (P=0.0049) and FOXF1 vs CD133 (P=0.0015) were found to have significant negative correlation ( Figure 3A) . To identify whether FOXF1 affects HCC cell stemness, sphere formation assay, ALDH1 activity, and CD44/133-positive cell counting were used to validate the hypothesis. As shown in Figure 3B -D, decreased level of FOXF1 in Hep G2 promotes cancer cell sphere formation ability as well as ALDH1-and CD44/133-positive cell number, whereas the overexpression of FOXF1 inhibits SNU-182 cell stemness. These data hint that FOXF1 regulates HCC cell stemness.
expression of FOXF1 affects hcc tumorigenicity and correlates with patient outcome A nude mouse xenograft assay was performed to assess the role of FOXF1 in vivo. Our data on tumor size showed that the tumor volume was significantly decreased in FOXF1-overexpressing-cell-injected mice compared with the control mice 4 weeks after injection ( Figure 4A ). Tumor weights of the mice were measured at the end of the experiment ( Figure 4B ), and we found that the average tumor weight of the FOXF1-overexpressing xenografts was significantly lower than that of the control xenografts (P=0.0023; Figure 4B ). In FOXF1-overexpressing HCC xenografts, the protein levels of CD44 and PCNA, a reported indicator of tumor growth activity in several cancers, [21] [22] [23] were decreased ( Figure 4C ). All these data suggested that overexpression of FOXF1 inhibited HCC cell tumorigenicity in vivo through decreased cancer cell stemness and inhibition of tumorigenesis.
We next investigated the association between FOXF1 expression and patients' overall survival. Log-rank test showed that patients with high FOXF1 expression level, whose tumor had .20% of the nuclei positively stained, had significantly higher survival rates than those patients with low levels of FOXF1 expression (P=0.0037; Figure 4D ).
Discussion
Human HCC accounts for 90% of cases of primary liver cancer, 1 and metastasis is one of the most common causes of death among HCC patients. 24 Although several key factors for HCC are well characterized, the molecular pathogenesis is still not well understood. 25, 26 Mammalian FOXF1 is predominantly expressed in mesenchymal cell types and plays an important role in the generation of mesoderm-derived tissues. 27 Several publications 17, 28, 29 have shown that expression of FOXF1 is downregulated and plays a novel tumor suppressor role in some cases of breast cancer, colorectal cancer, and prostate cancer. However, in lung cancer, overexpression of FOXF1 is linked to cancer-associated stromal fibroblast growth.
14 Therefore, investigation of expression and function of FOXF1 in HCC cells is important. In this study, we found that the expression level of FOXF1 determined by Q-RTPCR and Western blot was significantly lower in human HCC tissues than in noncancerous adjacent tissues. We also detected FOXF1 expression by immunohistochemistry and found that FOXF1 was mainly localized in the nuclei of HCC cells. Furthermore, the alteration of Abbreviations: cTrl, control; FOXF1, forkhead box F1; hcc, hepatocellular carcinoma; MMP2, matrix metallopeptidase 2; nc, negative control; Pcna, proliferating cell nuclear antigen; siFOXF1/siNC, FOXF1/NC-specific small interfering rna; sirna, small interfering rna; seM, standard error of the mean.
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Decreased FOXF1 promotes hepatocellular carcinoma tumorigenesis hypothesis that the FOXF1 gene might encode a potentially important protein for HCC progression.
To evaluate the biological effect of FOXF1 on HCC progression, we knocked down the FOXF1 gene in HepG2 cells and overexpressed FOXF1 in SNU-182 cells. Soft agar and transwell assays clearly demonstrated significantly increased in vitro tumorigenesis and invasion abilities in FOXF1-knockdown cells, whereas FOXF1-overexpressed cells had significantly reduced cancer growth and invasion potential. We also performed in vivo study on nude mouse to confirm the effect of FOXF1 overexpression on HCC nude mouse xenografts. Results proved that FOXF1 overexpression could inhibit HCC tumorigenesis in vivo. All these evidences could help us determine the effects of FOXF1 on the biological behavior of HCC cells and offer a new type of targeted therapy.
To dissect the potential FOXF1-involving molecular event(s), we screened for the molecular expression of some important signal pathways in HCC specimens (data not shown). The results showed that expression of the HCC stemness marker, CD44, has negative correlation with FOXF1. CD44/133-positive HCC cells were found to have greater migration and stemness abilities; [30] [31] [32] thus, correlation of FOXF1 expression with CD44 and CD133 expression was analyzed in HCC tumor. Moreover, FOXF1 was also proven to regulate HCC cell stemness through sphere formation and fluorescence activated cell sorting-based ALDH1-and CD44/133-positive cell counting. In FOXF1-overexpressing xenograft tumors, CD44 also shows downregualtion with decreased tumor size and PCNA level. Moreover, the dysregulation of FOXF1 affects MMP2 protein level, which has been reported to promote HCC invasion and metastasis. In addition to the functions of FOXF1 in HCC cells, we found that FOXF1 expression remarkably correlates with patients' clinical outcome. High FOXF1 expression group has significantly higher survival rate than the low-expression group. Combined with the results of benchmark tests, low expression of FOXF1 may serve as a poor prognostic factor for HCC patients. Therefore, FOXF1 could be a potential significant biomarker in clinical practice.
Conclusion
In conclusion, our studies demonstrate that FOXF1 has inhibitory effect on HCC tumorigenesis, invasion, and cell stemness. The FOXF1 expression status is closely correlated with the survival rate of HCC patients. The functions of FOXF1 suggest a key role for FOXF1 in suppressing tumor progression. Therefore, our results suggest that FOXF1 is a novel molecular target that may be potentially used for detecting and treating human HCC.
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